
- .  
NASA Technical Memorandum 88369 Airborne Astronomy Program ‘ 

Medium Altitude Missions Branch 
Preprint Series 062 

6A 90 
( b A S B - T I - 8 8 3 6 5 )  €AB I Y F B E h E E  ZkECTKOSCOPY N67- 193 14 
CF S T A h  F O R P l A l i l C L  E E G I C L S  I h  E t 2  ( B A S A )  
2 7  F CSCL 03a 

Unclas 
G3/89 43771 

October 1986 

National Aeronautics and 
Space Administration 



NASA Technical Memorandum 88369 Airborne Astronomy Program 
Medium Altitude Missions Branch 
Preprint Series 062 

~ 

Far Infrared Spectroscopy of Star 
Formation Regions in M82 
P. B. Duffy, Stanford University, Stanford, California 
E. F. Erickson, Arnes Research Center, Moffett Field, California 
M. R. Haas, Mycol, Inc., Sunnyvale, California 
J. R. Houck, Cornel1 University, Ithaca, New York 

October 1986 

National Aeronautics and 
Space Administration 

Ames Research Center 
Moffett Field, California 94035 



Emission l i n e s  of [O 1111 a t  52 pm and 88 prn and of [N 1113 a t  57vm i n  

t h e  nuc leus  of t h e  ga laxy  M82 have been observed from the  Kuiper Airborne 

Observatory wi th  the  f a c i l i t y ' s  cooled  g r a t i n g  spec t rometer .  The CN 1111 

l i n e  has no t  been p rev ious ly  de t ec t ed  i n  any e x t r a g a l a c t i c  source .  The 

f l u x e s  i n  t h e  l i n e s  i n d i c a t e  -4.10' Mo of ion ized  g a s  and a l a r g e  popu la t ion  

. of  massive stars ( e q u i v a l e n t  t o  5-10'  08.5 stars), s u f f i c i e n t  t o  power the 

i n f r a r e d  luminos i ty  of t he  nucleus. We use t h e  52 t o  88 pm l i n e  i n t e n s i t y  

r a t i o  t o  f i n d  an  average  e l e c t r o n  d e n s i t y  of  210 f 75 i n  the nuc leus :  t h i s  

is 10 t o  100 times lower than  va lues  t y p i c a l l y  observed i n  i n d i v i d u a l  

compact HI1 r e g i o n s  i n  ou r  Galaxy. The r e l a t i v e  l i n e  s t r e n g t h s  of t he  

[O 1111 and [N I113 l i n e s  imply a n  N++/O++ r a t i o  of .45 f . l ,  s i g n i f i c a n t l y  

lower t h a n  is measured by the  same method i n  i n d i v i d u a l  HI1 r e g i o n s  a t  

similar g a l a c t o c e n t r i c  d i s t a n c e s  (4400 pc)  i n  our Galaxy.  

r a t i o  may be due t o  a lower N/O r a t i o ,  h ighe r  s te l la r  tempera tures ,  o r  bo th ,  

i n  M82. 

s i m i l a r l y  asymmetric. They can be  well f i t t e d  by two Gaussian d i s t r i b u t i o n s  

w i t h  widths  of -150 km/s and c e n t r a l  v e l o c i t i e s  of -110 and -295 km/s ,  

b r a c k e t i n g  t h e  sys temic  v e l o c i t y  of  t h e  nuc leus  of -210 km/s.  Within 

u n c e r t a i n t i e s ,  both the N++/O++ r a t io  and the  e l e c t r o n  d e n s i t y  are  t h e  same 

f o r  both Gaussian components; t h i s  i n d i c a t e s  no major l a r g e - s c a l e  g r a d i e n t  

i n  ei ther q u a n t i t y  w i t h i n  t h e  nucleus. 

T h i s  lower N++/O++ 

A t  s p e c t r a l  r e s o l u t i o n s  of -90 km/s,  a l l  three l i n e  p r o f i l e s  are 
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I. I n t r o d u c t i o n  

The nuc leus  of t h e  i r r e g u l a r  ga laxy  M82 is thought  t o  be  a n  a c t i v e  s i t e  

of r e c e n t  s t a r  formation.  Models based on previous  o b s e r v a t i o n s  p r e d i c t  a 

g r e a t e r  p r o p o r t i o n  of early-type stars there t h a n  i n  o u r  own Galaxy ( R i e k e  

-- e t  a l .  1980; Kronberg, Biermann, and Schwab 1985). S i n c e  t h e  f a r  i n f r a r e d  

[O I111 and [N I111 l i n e s  we have observed are emitted p r i m a r i l y  i n  r e g i o n s  

i o n i z e d  by ear ly- type stars, and s i n c e  these l i n e s  s u f f e r  only minimal 

o b s c u r a t i o n ,  their  f l u x e s  are a s e n s i t i v e  probe of the presence  of 

ear ly- type  stars throughout t h e  nucleus.  I n  a d d i t i o n ,  the ra t ios  of these 

l i n e  i n t e n s i t i e s  allow the e l e c t r o n  d e n s i t y  and N++/O++ r a t io  i n  t h e  

i n t e r s t e l l a r  medium of M82 t o  be determined and compared t o  those i n  our  

Galaxy. 

S e v e r a l  p r e v i o u s  measurements of M82 show similar, h i g h l y  asymmetric 

l i n e  p r o f i l e s .  

1984), and t h e  Ha (Heckathorn 1972) and [Ne I11 12.8 pm (Beck e t  ale 1978) 

l i n e s  i n  synthes ized  1' beams a l l  have wid ths  of -300 km/s (FWHM), mean 

v e l o c i t i e s  roughly e q u a l  t o  t h e  sys temic  v e l o c i t y  of t h e  galaxy (-210 k m / s ) ,  

and peak i n t e n s i t i e s  a t  s u b s t a n t i a l l y  lower v e l o c i t i e s  (-110 k m / s ) .  

Previous far  I R  measurements of the 52 and 88 pm [O 1111 l i n e s  (Duffy et 
a l .  1984; Matson e t  a l .  1984; Lugten e t  a l .  1985), t he  158 pm [C I11 l i n e  

(Crawford e t  a l .  1985), and the  [O I] 63 pm l i n e  (Watson e t  a l .  1984) may be 

c o n s i s t e n t  wi th  t h e  CO, Ha, and [Ne 1 1 3  l i n e s  b u t  have poorer  

signal-to-noise.  

The CO 14 l i n e  measured w i t h  a 50" beam (Young and S c o v i l l e  

- -- 
-- -- 
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In s e c t i o n  11, we p r e s e n t  new measurements of  the  [O 1111 l i n e ?  a t  

higher  spectral  r e s o l u t i o n  and improved s igna l - to -no i se  which show similar 

p r o f i l e s  t o  the CO, Ha, and [Ne 111 l i n e s .  We a lso  r e p o r t  the  f irst  

measurement i n  an e x t r a g a l a c t i c  sou rce  of t h e  [N 1111 l i n e ,  which has a 

similar l i n e  p r o f i l e .  

d e n s i t y  and N + + / O + +  r a t i o  i n  t he  nuc leus .  

r e s u l t s ,  e s t i m a t e  the number and tempera ture  of the  e x c i t i n g  stars i n  the  

nuc leus ,  and d i s c u s s  p h y s i c a l  i n t e r p r e t a t i o n s  of the asymmetric [O 1111 and 

[ N  1111 l i n e  shapes. 

From these measurements we d e r i v e  the  e l e c t r o n  

I n  s e c t i o n  I11 we discuss  these 

Our conc lus ions  are g iven  i n  s e c t i o n  I V .  

11. Observa t ions  and R e s u l t s  

M82 was observed wi th  t h e  f a c i l i t y  cooled  g r a t i n g  spec t rometer  (CCS) on 

the  91.4 cm te l e scope  of  N A S A ' s  Kuiper Airborne Observatory.  

l i q u i d  helium cooled echelle g r a t i n g  45 cm i n  l e n g t h  which disperses l i g h t  

on to  a detector ar ray .  For these o b s e r v a t i o n s ,  6 discrete Ge:Ca 

photoconducting detectors were used t o  measure i n t e n s i t i e s  a t  a d j a c e n t  

wavelengths. 

t h e  echelle. 

echelle o r d e r  and a p e r t u r e  s i z e .  

-- e t  a l .  (1984, 1985). 

The CCS has a 

Di f f e ren t  wavelengths are observed by changing the  a n g l e  of 

Resolving power X/AX v a r i e s  from -1700 t o  -6000 depending on 

The CCS is described i n  de t a i l  by Er ickson  

The 51.815 pm and 88.356 pm t r a n s i t i o n s  of [0 1111 were observed on the 

n i g h t  of 6 February 1985; the  57.330 pm [ N  1111 l i n e  was measured 4 February 

1985. The in f r a red  beam was c e n t e r e d  a t  a 

69°5415911 us ing  a nearby gu ide  star. 

P 
= 9 h 51m 42.8'; 61950 

1950 
T h i s  p o s i t i o n  is n e a r l y  h a l f  way 
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between the  two 10 pm c O n t h " n  peaks of R i e k e  -- e t  a l .  (1980). 

p o i n t i n g  error was k 5 arcsec. 

pe rpend icu la r  t o  the major a x i s  of t he  ga laxy ,  with an  ampl i tude  of 4 ' .  Our 

e f f e c t i v e  beam diameter of 48'' included t h e  roughly 30" by 15" r e g i o n  of 

i on ized  gas i n  t h e  nuc leus  (Beck  -- e t  a l .  1978). 

Estimated 

The chopping secondary mi r ro r  was d r i v e n  

M82 was observed a t  s p e c t r a l  r e s o l v i n g  powers of  2900 (88 urn), 2600 

(57 pm), and 3300 (52 pm). A t  these r e s o l v i n g  powers, t he  w i d t h s  of  the  

Doppler-broadened s p e c t r a l  l i n e s  exceed the  t o t a l  bandpass  of  the 

spec t romete r ' s  6 d e t e c t o r s .  Therefore ,  3 or 4 d i f f e r e n t  echelle p o s i t i o n s  

were used t o  provide  cont iguous  wavelength coverage  over  each l i n e  and its 

nearby continuum. 

Raw s p e c t r a  were corrected for a b s o r p t i o n  by atmospheric  water vapor 

and ins t rument  response  by d iv id ing  them by c a l i b r a t i o n  s p e c t r a  of t h e  

Kleinmann-Low (KL)  nebula  t aken  t h e  same n i g h t  a t  t h e  same or  a nearby 

wavelength. The a b s o l u t e  f l u x  c a l i b r a t i o n  was t h e n  ob ta ined  by mul t ip ly ing  

these r a t i o s  by the  KL f l u x  as measured by Er ickson  -- e t  a l .  (1981). 

continuum of KL was observed a t  only one of the  echelle p o s i t i o n s  a t  which 

each l i n e  i n  M82 was observed. C a l i b r a t i o n  s p e c t r a  a t  the  other (nearby)  

wavelengths  were gene ra t ed  by c o r r e c t i n g  t h e  measured KL spectrum f o r  

changes i n  the  wavelength-dependence of t h e  a tmospher ic  t r ansmiss ion  and t h e  

ins t rument  response.  The water vapor c o r r e c t i o n  was c a l c u l a t e d  assuming 7 

p r e c i p i t a b l e  microns of water i n  the  l i n e  of  s i g h t  as  i n f e r r e d  from f i t t i n g  

a narrow unreso lved  atmospheric  water l i n e  measured on each f l i g h t  w i t h  t h e  

CGS. Errors in t roduced  by u n c e r t a i n t i e s  i n  t h i s  c o r r e c t i o n  are l e s s  than  a 

The 
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few pe rcen t .  The r e l a t i v e  ins t rument  response  a t  d i f f e r e n t  wave lmgths  was 

measured on t h e  ground immediately a f t e r  each f l i g h t  us ing  a blackbody 

c a l i b r a t i o n  source.  These c o r r e c t i o n s  are 15% or  less a t  88 and 57 um, b u t  

as l a r g e  as a f a c t o r  of 1.75 a t  52 pm due t o  v a r i a t i o n s  i n  t h e  t r ansmiss ion  

of t h e  instrument  caused by i n t e r f e r e n c e  e f f ec t s  i n  t h e  CGS long-pass 

f i l t e r .  Calculated d i f f r a c t i o n  l o s s e s  are less  than  10% and somewhat 

u n c e r t a i n ,  so  we d i d  n o t  c o r r e c t  for  them. The f i n a l  s p e c t r a  are shown i n  

f i g u r e s  1 - 3 .  

Both [ O  1111 l i n e s  and the  [N 1111 l i n e  have asymmetric p r o f i l e s  which 

are q u a l i t a t i v e l y  q u i t e  s imilar .  To o b t a i n  f l u x  estimates, we f i t t e d  each 

spectrum w i t h  a cu rve  c o n s i s t i n g  of  a c o n s t a n t  continuum p l u s  two superposed 

Gaussians.  The f ree  parameters  i n  each f i t t e d  cu rve  were the continuum f l u x  

d e n s i t y  and the i n t e n s i t y ,  half-width and peak wavelength of each Gaussian.  

The f i t s  are good for a l l  three l i n e s  ( x 2  p e r  deg ree  of freedom 51)  and are 

a l s o  shown ir. f i g u r e s  1 - 3 .  

I n  tab le  1 we list v e l o c i t i e s  and f l u x e s  for  each l i n e  as a whole and 

separately f o r  each Gaussian component i n  each l i n e ;  we refer to  t h e  two 

components as A and €3. Radial v e l o c i t i e s  were c a l c u l a t e d  from the  c e n t r o i d  

of each Gaussian, us ing  res t  wavelengths from Moorwood -- e t  a l .  (1980).  

Quoted v e l o c i t y  u n c e r t a i n t i e s  are l a r g e l y  due t o  sys t ema t i c  u n c e r t a i n t i e s  

(estimated a t  +25 k m / s )  i n  t h e  wavelength c a l i b r a t i o n ,  which is based on 

l a b o r a t o r y  observa t ions  of water l i n e s  and i n - f l i g h t  o b s e r v a t i o n s  of t h e  

Trapezium. 

a l s o  s i g n i f i c a n t  (+17 km/s). These s y s t e m a t i c  u n c e r t a i n t i e s  do n o t  a f f ec t  

For the  57 pm l i n e ,  t h e  u n c e r t a i n t y  i n  t h e  rest wavelength is 
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t h e  v e l o c i t y  s e p a r a t i o n  of components A and B, which is -185 k m / s  i n  a l l  

three l i n e s  ( tab le  1 ) .  Quoted u n c e r t a i n t i e s  i n  t h e  l i n e  component w i d t h s  

r e p r e s e n t  the s ta t i s t ica l  u n c e r t a i n t y  i n  f i t t i n g  the  c u r v e s  t o  t h e  data.  

Flux u n c e r t a i n t i e s  i n  t ab le  1 are s t a t i s t i c a l  o n l y ;  systematic 

u n c e r t a i n t i e s  are estimated a t  a n  a d d i t i o n a l  k 20% of t h e  f l u x e s .  The r a t i o  

of f l u x e s  i n  components A and B, which is r e l a t i v e l y  u n a f f e c t e d  by 

s y s t e m a t i c  u n c e r t a i n t i e s ,  a lso does n o t  d i f f e r  s i g n i f i c a n t l y  from l i n e  t o  

l i n e .  Absolute l i n e  f l u x e s  have been c o r r e c t e d  f o r  foreground e x t i n c t i o n  i n  

M82 by e x t r a p o l a t i n g  the  v a l u e  of T = .30 a t  33 pm (Houck -- e t  a l .  1984) us ing  

a 1 / A  wavelength dependence. These c o r r e c t i o n s  are 21, 19, and 12% a t  52,  

57, and 88 pm r e s p e c t i v e l y ;  t he  l i n e  f l u x  r a t io s  are t h u s  n o t  s t r o n g l y  

affected by e x t i n c t i o n  c o r r e c t i o n s .  

Our observed continuum f l u x  d e n s i t i e s  are  20% t o  40% g r e a t e r  than  the  

broad-band photometr ic  measurements of Telesco  and Harper (1980),  who used a 

50" beam. Our 52 pm and 88 pm line f l u x e s  d i f f e r  by 15% and 35% 

r e s p e c t i v e l y  from our  prev ious  measurements made w i t h  a 37" beam (Duffy - e t  

- a l .  1984).  These d i f f e r e n c e s  are a l l  w i t h i n  estimated combined 

u n c e r t a i n t i e s .  However, o u r  88 pm l i n e  f l u x  is roughly half t h e  v a l u e  

r e p o r t e d  by Watson -- e t  a l .  (1984) with a 44" beam. 

understood. 

T h i s  discrepancy is n o t  

The r e l a t i v e  l i n e  s t r e n g t h s  of t h e  52 pm and 88 pm l i n e s  can  be used t o  

determine the average e l e c t r o n  dens i ty  in the  e m i t t i n g  g a s  (0" r e g i o n s ) .  

We assume t h e  t r a n s i t i o n s  are e x c i t e d  by c o l l i s i o n s  wi th  e l e c t r o n s  arid a r e  

o p t i c a l l y  t h i n .  Using a 5- level  model 0" atom (Rubin 1984) with atomic 
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c o n s t a n t s  from Mendoza (19831, we f i n d  n 

Assuming that  some of the systematic f l u x  u n c e r t a i n t i e s  (e.g.  t h a t  due t o  

e r r o r  i n  the  assumed f l u x  of the c a l i b r a t i o n  source )  c a n c e l  when t ak ing  l i n e  

f l u x  r a t i o s ,  we used the  s t a t i s t i ca l  p l u s  ha l f  t h e  systematic u n c e r t a i n t y  as 

the t o t a l  u n c e r t a i n t y  when c a l c u l a t i n g  the d e n s i t y .  S ince  t h e  spectra can 

no doubt b e  well f i t t e d  by mathematical f u n c t i o n s  o t h e r  t h a n  the two 

Causs ians  we have used, we do no t  claim t h a t  these Causs ians  r e p r e s e n t  

p h y s i c a l  sources.  However, because the  r e l a t i v e  f l u x  i n  t he  two components 

is i n d i s t i n g u i s h a b l e  for  t h e  two LO 1111 l i n e s ,  o u r  spectra show no ev idence  

f o r  a l a rge - sca l e  g r a d i e n t  i n  e l e c t r o n  d e n s i t y  w i t h i n  the nucleus.  

210 f 75 i n  t he  nuc leus .  e 

A t  the  low d e n s i t y  seen  i n  M82, t h e  [0 1111 l i n e  r a t io  is more d e n s i t y  

s e n s i t i v e  (Saraph and Sea ton  1970) than  the  [S 1111 33.4 ~ 1 1 8 . 7  pm l i n e  

r a t i o  measured by Houck -- e t  a l .  (1984). 

d e n s i t y  i n  S++ r eg ions  of 120,120 +280 cm-3, which is lower than  b u t  c o n s i s t e n t  

wi th  ou r  va lue .  Their obse rva t ions  do n o t  have s u f f i c i e n t  Spectral 

r e s o l u t i o n  t o  d e t e c t  asymmetries i n  the l i n e  p r o f i l e s .  

They measured a n  average  e l e c t r o n  

We c a l c u l a t e  N++/O++ abundance r a t i o s  from the r e l a t i v e  s t r e n g t h s  of 

t h e  [N 1111 and two LO 1111 l i n e s  and the a tomic  models of Rubin (1984).  

f i n d  a r a t i o  of .45 f . l  for the whole nuc leus ,  a g a i n  inc lud ing  estimated 

systematic e r r o r s  as d i scussed  above. 

r a t i o  does n o t  show large v a r i a t i o n s  a c r o s s  the  nucleus.  

We 

L i k e  the  e l e c t r o n  d e n s i t y ,  the N++/O++ 

111. Discuss ion  

1 .  P r o p e r t i e s  of E x c i t i n g  Stars 
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Models of M82 based on a w i d e  range  of observed p r o p e r t i e s  i n d i c a t e  

t h a t  i t  has a large popu la t ion  of ear ly- type  stars ( R i e k e  e t  a l .  1980; 

Kronberg, Biermann, and Schwab 1985). We use observed i n f r a r e d  l i n e  f l u x e s  

and H I1 r e g i o n  models t o  independently estimate the  average  e f f e c t i v e  

tempera ture ,  number, and t o t a l  bolometric l uminos i ty  of these stars. 

-- 

The H I1 r e g i o n  models of Rubin (1985) show tha t  the luminos i ty  i n  the  

[O  I111 52 urn l i n e  re la t ive t o  t h a t  i n  Bra depends s t r o n g l y  on the  e f f e c t i v e  

tempera ture  of t h e  e x c i t i n g  s t a r s  bu t  on ly  weakly  on the  i n t e r s t e l l a r  

e l e c t r o n  d e n s i t y  or  t h e  number of ion iz ing  photons. Using t h e  observed Bra 

f l u x  of the  nuc leus  Wi l lne r  e t  al. (1977) and our 52 pm l i n e  f l u x ,  Rubin's 

models imply a s te l la r  temperature of 35500 5 300 K ( s p e c t r a l  type 08.5) f o r  

uniform d e n s i t y  H I1 r e g i o n s  having O/H r a t i o s  wi th in  a f a c t o r  of  2 of s o l a r  

(6.7 6 1 O-'I ) . 

-- 

Our observed [O 1111 l i n e  l u m i n o s i t i e s  and t h o s e  p r e d i c t e d  f o r  model H I1 

r e g i o n s  having t h i s  s te l lar  temperature imply t h a t  t h e  [O  1111 l i n e s  are 

e x c i t e d  by t h e  e q u i v a l e n t  of  5.10' 08.5 stars i n  t he  nuc leus  of M82. By 

comparison, Mezger (1982) e s t ima tes  tha t  0 stars i n  the  e n t i r e  M i l k y  Way 

produce 3*105'  Lyman continuum photons p e r  second, e q u i v a l e n t  t o  on ly  2 = 1 0 5  

08.5 stars (Panagia  1973).  

The ear ly- type  stars needed t o  produce t h e  observed [O I111 l i n e s  a l s o  

account Por t h e  observed bolometric luminos i ty  ( 4 - 1 0 1 0  Lo; Telesco  and 

Harper 1980) o f  t h e  nucleus.  A t  5.4010' Lo each, the  5*105 08.5 stars 

r e q u i r e d  t o  produce t h e  [O  1111 lines have a t o t a l  bo lomet r i c  luminos i ty  Of 
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2 . 5 0 1 0 ~ ~  Lo, nearly t h e  observed value.  

t h e  far I R  because t h e  short  wavelength s t a r l i g h t  is absorbed and reradiated 

by d u s t .  

Most of t h i s  luminos i ty  a y p e a r s  i n  

2. E l e c t r o n  D e n s i t i e s  

The average e l e c t r o n  d e n s i t y  we measure i n  M82 (210 f 75 ~ m - ~ )  is much 

less t h a n  d e n s i t i e s  measured i n  i n d i v i d u a l  Galactic H I1 r e g i o n s  by the same 

method; those values  a re  t y p i c a l l y  i n  t he  range 1,000 t o  20,000 cm-3 (Lester 

-- e t  a l .  1983).  

p r i m a r i l y  from an o b s e r v a t i o n a l  s e l e c t i o n  effect .  Radio o b s e r v a t i o n s  

(Mezger and Smith 1975; Smith, Biermann, and Mezger 1978) i n d i c a t e  t h a t  on ly  

10 - 20% of t h e  0 stars i n  our  Galaxy are surrounded by compact (ne>-i03 ~ m - ~ )  

H I1 r e g i o n s ;  the remaining 8 0  - 90% have "extended low d e n s i t y t t  (ELD) H I1 

r e g i o n s  wi th  t y p i c a l  d e n s i t i e s  of -10 

r e g i o n s  most o f t e n  observed, those w i t h  h igh  s u r f a c e  b r i g h t n e s s e s  and l a r g e  

d e n s i t i e s ,  are t h u s  a t y p i c a l ;  large-beam o b s e r v a t i o n s  of our Galaxy would 

measure a lower e l e c t r o n  d e n s i t y  t h a n  is s e e n  i n  i n d i v i d u a l  compact H I1 

r e g  ions.  

However, t he  h i g h e r  d e n s i t i e s  found i n  our Galaxy may r e s u l t  

(Mezger 1978).  The Galactic H I1 

Houck e t  a l .  (1984) p r e s e n t  a s imple model of t he  i n t e r s t e l l a r  medium 

i n  M82 which c o r r e c t s  f o r  t h i s  s e l e c t i o n  effect  and a c c o u n t s  for  t h e  

observed e l e c t r o n  d e n s i t y .  They conclude t h a t  there is p r o p o r t i o n a t e l y  less 

h igh  d e n s i t y  ionized g a s  in M82. Our observed e l e c t r o n  d e n s i t y  for  M82, 

which a g r e e s  wi th  t h a t  of Houck e t  a l . ,  s u p p o r t s  t h i s  conclusion.  

of h igh  d e n s i t y  g a s  may be a r e s u l t  of the h igh  supernova ra te  (0.2 p e r  

Th i s  lack -- 
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year) i n  M82 (Kronberg and Sramek 1985);  winds from these supernovae may 

blow s i g n i f i c a n t  amounts of i n t e r s t e l l a r  gas ou t  of t h e  nuc leus  of M82 and 

t h u s  reduce the  g a s  d e n s i t y  (Cheval ie r  and Clegg 1985; Wyse and S i l k  1985). 

3. Mass of Ion ized  Gas 

Our measurement o f  the  e l e c t r o n  d e n s i t y  i n  M82 a l lows  u s  t o  improve t h e  

e s t i m a t e  of  Wi l lne r  e t  a l .  (1977) o f  the  mass of  ion ized  g a s  implied by 

t h e i r  Bra l i n e  f l u x .  To f irst  order ,  the  Bra f l u x  p e r  u n i t  mass of i on ized  

g a s  LBra/MHII i n  H I1 r e g i o n s  is p r o p o r t i o n a l  t o  t he  i n t e r s t e l l a r  e l e c t r o n  

d e n s i t y  and independent of t h e  e f f e c t i v e  tempera ture  of the e x c i t i n g  

star(s). For a n  average  e l e c t r o n  d e n s i t y  of  210 cme3, Rubin's H I1 r eg ion  

models and t h e  observed dereddened Bra luminos i ty  (8.5 - l o 6  Lo; Wil lner  e t  

- a l . )  g i v e  a n  ion ized  gas mass of 4-10' Mo i n  the i n n e r  30" of M82. 

n a i f  W i l l n e r ' s  v a l u e  of 7-10' Mo, which was ob ta ined  assuming a volume 

f i l l i n g  f a c t o r  f o r  i on ized  g a s  f = (nye /n rms)1 /2  = 1.  

-- 

- 
T h i s  is 

e 

4. N/O Ratio i n  M82 

The average  N++/O++ ra t io  (.45 f . l )  we measure i n  M82 can be  

compared t o  t h o s e  obta ined  by the same method f o r  i n d i v i d u a l  Galactic H I1 

r e g i o n s  by D i n e r s t e i n  e t  a l .  1984. 

tendency t o  i n c r e a s e  towards t h e  Galactic c e n t e r .  

p e r t a i n s  t o  t h e  c e n t r a l  400 p c  of M82; t h e  two measured H I1 r e g i o n s  w i t h i n  

t h i s  d i s t a n c e  from t h e  c e n t e r  of our Galaxy, Sg r  A and GO.5-.1, have h i g h e r  

They f i n d  v a l u e s  from 0.2 t o  1.2 w i t h  a -- 
Our N++/O++ r a t i o  
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N + + / O + +  r a t i o s  (0.7'::: and 1.1 f .2 ,  r e s p e c t i v e l y ) .  These Galactic v a l u e s  

would be even h igher  (by -50%) i f  de r ived  u s i n g  t h e  up t o  date Rubin model 

atom used here. 

The lower N++/O++ r a t i o  i n  M82 may ref lect  a lower N/O r a t i o .  Low N / 6  
i n  M82 is expected from the models of  Rieke -- e t  a l .  (1980) and Kronberg, 

Biermann, and Schwab (1985) which i n d i c a t e  a l a r g e  popu la t ion  of high-mass 

(M/Mo > 201, h o t  (T > 35000 K )  stars and an  extreme s h o r t a g e  of  stars below 

5 - 10 Mo. Numerous high-mass stars imply a l a r g e  oxygen abundance, s i n c e  

supernovae from these stars are the  p r i n c i p a l  sou rce  of oxygen i n  t h e  

i n t e r s t e l l a r  medium (Weaver -- e t  a l .  1978).  

a d d i t i o n a l l y  imply a lower n i t r o g e n  abundance, s i n c e  t h e  main source  of t h i s  

element is stars of 5 - 10 Mo (Wyse and S i l k  1985).  

Few lower-mass stars may 

However, another e f f e c t  can i n f l u e n c e  the  observed N + + / O + +  r a t i o .  The 

models of Rubin (1985) i n d i c a t e  t h a t  a l though  0 and N are bo th  a lmost  

completely doubly-ionized i n  H I1 r e g i o n s  e x c i t e d  by very h o t  stars, a 

l a r g e r  f r a c t i o n  of N t h a n  of 0 is doubly-ionized by c o o l e r  stars ( f i g u r e  4). 

T h i s  means t ha t  the N++/O++ r a t i o  approaches t h e  a c t u a l  N/O r a t i o  i n  H I1 

r e g i o n s  e x c i t e d  by h o t  stars, b u t  is s i g n i f i c a n t l y  g r e a t e r  in 

lower-exc i ta t ion  r eg ions .  The s i z e  of t h i s  e f f e c t  is l a r g e l y  independent of 

d e n s i t y  and clumping of the  ion ized  g a s ,  and depends weakly on the 

i n t e r s t e l l a r  O/H ra t io  ( f i g u r e  4). 

while sugges t ive  of a lower N/O r a t i o ,  may i n s t e a d  be comple te ly  due t o  a 

predominance of stars h o t t e r  t h a n  those  e x c i t i n g  Sgr  A o r  GO.5-.1. 

Thus the lower N++/o++ r a t i o  i n  M82, 

Because N + + / O + +  r a t i o s  depend very s t r o n g l y  on s te l la r  tempera ture ,  and 
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because these tempera tures  are not well known i n  e i ther  M82 o r  t h e  G a l a c t i c  

c e n t e r ,  our N++/O++ r a t i o s  and those of D ine r s t e in  e t  a l .  are only u p p e r  

limits t o  the cor responding  N/O r a t i o s .  These l i m i t s  are c o n s i s t e n t  wi th  

each o t h e r  and w i t h  the N/O r a t i o  of 0.2 found f o r  the  Orion r e g i o n  from 

models based on I R  l i n e  measurements (Simpson -- e t  a l .  1986) .  

-- 

5. Sources of Line  Emission i n  M82 

I t  is clear from the measured l i n e  p r o f i l e s  t ha t  n e i t h e r  O++ nor  N++ 

emiss ion  is uniformly d i s t r i b u t e d  throughout the  nucleus.  Two p o s s i b l e  

e x p l a n a t i o n s  are ( 1 )  the  s ta rs  which i o n i z e  t h i s  g a s  ( t h o s e  having e f f e c t i v e  

t empera tu res  above -30000 K) may be  nonuniformly d i s t r i b u t e d ,  f o r  example i n  

a r i n g  i n  t he  g a l a c t i c  p l ane  (which we see edge-on) o r  ( 2 )  t h e  gas  and d u s t  

d e n s i t i e s  are nonuniform and peak away from t h e  c e n t e r  of t h e  nuc leus ,  

perhaps  because of s t r o n g  s t e l l a r  winds flowing o u t  from the c e n t e r .  E i t h e r  

p o s s i b i l i t y  can account  f o r  t he  two maxima i n  the 10 pm emission ( R i e k e  - e t  

- a l .  1980) by producing two maxima i n  the  tempera ture  o r  the column d e n s i t y ,  

r e s p e c t i v e l y ,  of t he  e m i t t i n g  dust.  The l o c a t i o n  of t h e  10pm peaks and t h e  

Beck e t  a l .  (1978) r o t a t i o n  curve  g i v e  v e l o c i t i e s  f o r  these peaks of 130 and 

250 km/s ,  which would be c o n s i s t e n t  wi th  t h o s e  of t h e  Causs ians  f i t t e d  t o  

the 10 1111 and [N 1111 l i n e s  (about 110 and 295 k m / s )  i f  t he  c o o r d i n a t e  

scale of  t h e  10 pm map were s h i f t e d  1 - 2" r e l a t i v e  t o  t h a t  of the r o t a t i o n  

curve.  T h i s  agreement s u g g e s t s  t h a t  t h e  two components f i t t e d  t o  t h e  

observed l i n e  p r o f i l e s  cou ld  correspond t o  t he  two 10 pm emission peaks.  

-- 
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1V.Conclusions 

1 )  Fluxes  i n  the  [O I111 52 and 88 urn l i n e s  i n d i c a t e  e x c i t a t i o n  of t he  

i n t e r s t e l l a r  medium i n  t he  nuc leus  of M82 by t h e  e q u i v a l e n t  of 5-10'  08.5 

stars. The bolometric l uminos i ty  of t h e s e  stars roughly e q u a l s  t h a t  of t h e  

nuc leus ,  sugges t ing  t h a t  they are its primary energy source .  Th i s  is 

c o n s i s t e n t  w i t h  the p i c t u r e  of M82 as  an  a c t i v e  s i t e  of r e c e n t  s t a r  

f o r  mat ion. 

2 )  The e l e c t r o n  d e n s i t y  of 210 de r ived  from the 52 t o  88 urn l i n e  

r a t i o  is c o n s i s t e n t  with the  v a l u e  ob ta ined  by Houck -- e t  a l .  (1984) from 

lower r e s o l u t i o n  measurements of the [SIII] 33.4 and 18.7 urn l i n e s .  These 

d e n s i t i e s  are'much lower t h a n  those  measured by t h e  same method i n  

i n d i v i d u a l  H I1 reg ions  i n  our  Galaxy. We suppor t  t h e  conc lus ion  of Houck 

-- e t  a l .  tha t  t h e r e  is p r o p o r t i o n a t e l y  less  high-density g a s  i n  M82 than  i n  

our Galaxy. 

3)  Our de termina t ion  of  t he  e l e c t r o n  d e n s i t y  i n  M82 a l lows  u s  t o  

r e c a l c u l a t e  the  mass of ion ized  g a s  i n  the  nucleus  impl ied  by t h e  Bra f l u x  

of Wi l lner  -- e t  al .  (1977). We f i n d  4-10' Mo of ion ized  gas, roughly h a l f  

W i l l n e r ' s  es t imate .  

4 )  The N++/O++ r a t i o  de r ived  f o r  t he  n u c l e a r  g a s  from our  ion ized  l i n e  

f l u x e s  is less  than t h o s e  de r ived  i n  the same way f o r  two H I1 r e g i o n s  a t  

comparable g a l a c t o c e n t r i c  rad i i  i n  our Galaxy. 

lower N/O r a t i o  i n  M82, p o s s i b l y  due t o  a n  overabundance of oxygen caused by 

f r e q u e n t  supernovae and/or an  underabundance of n i t r o g e n  due t o  a l ack  Of 

T h i s  may r e s u l t  from ( 1 )  a 
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low mass stars, (2 )  a h ighe r  average s t e l l a r  tempera ture  i n  M82 than i n  t h e  

Galactic H I1 r e g i o n s ,  o r  some combination of ( 1 )  and ( 2 ) .  E i t h e r  mechanism 

p o i n t s  t o  t h e  nuc leus  of M82 as an active s i t e  of massive s tar  formation. 

5) Both [O I111 l i n e s  and t h e  [N 1111 l i n e  have asymmetric p r o f i l e s  

which are i n d i s t i g u i s h a b l e  wi th in  the u n c e r t a i n t i e s .  Our d a t a  thus show no 

ev idence  f o r  l a r g e - s c a l e  v a r i a t i o n s  i n  the  N++/O++ r a t i o  o r  e l e c t r o n  d e n s i t y  

w i t h i n  the  nucleus.  

We are indebted  t o  the  s ta f f  of the  Kuiper Airborne Observatory f o r  

t he i r  e x c e l l e n t  suppor t  and t o  R.  Rubin and H. D i n e r s t e i n  f o r  h e l p f u l  

d i s c u s s i o n s .  We a l s o  thank L .  Caroff,  D. Hollenbach, V. P e t r o s i a n ,  

J. Simpson, M. Werner, and an anonymous r e f e r e e  f o r  the i r  comments on t h e  

manuscript .  
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[O I111 51.815 A 81 f 25 120 k 30 6.3 f 0.4 

B 272 * 25 141 & 25 3.9 k 0.4 

Total  Flux --- --- 10.4 * 0.6 
--- --- Velocity Difference 191 

[N 1111 57.330 A 126 k 30 190 f 20 3.0 f 0.2 

B 314 ?r 30 135 k 20 1.3 5 0.2 

4.3 i 0.3 --- --- Total  Flux 

Velocity Difference 188 --- --- 

co I113 88.356 A 122 f 25 150 i 10 5.8 * 0.2 
B 299 f 25 150 f 10 3.4 f 0.3 

9.2 i 0.3 --- --- Total  Flux 

Velocity Difference 177 e-- --- 
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Figure  Capt ions  

F igu re  1 :  Observed l i n e  p r o f i l e  of t h e  51.815 urn 3 P , + 3 P I  t r a n s i t i o n  of 

[O  1111 i n  the  nucleus of M82. 

beam i n  three obse rva t ions  t o t a l l i n g  36 minutes.  

v e l o c i t y  wi th  r e spec t  t o  t h e  Local S tandard  of Rest. 

f 1 s t anda rd  dev ia t ion  of t he  mean. The s o l i d  l i n e  is a two-Gaussian f i t  t o  

the  data. 

Data were taken 6 February 1985 wi th  a 48" 

The h o r i z o n t a l  a x i s  shows 

E r r o r  bars r e p r e s e n t  

Figure 2: The 57-330 

o b s e r v a t i o n s  t o t a l l i n g  31 minutes on the n i g h t  of 4 February 1985. 

s o l i d  l i n e  is again  a two-Gaussian f i t  t o  the data. 

2p3/2+2P,/2 t r a n s i t i o n  of [N 1111 measured i n  4 

The 

Figure  3: The 88.356 pm 3 P I + 3 P 0  t r a n s i t i o n  of [O I111 observed f o r  a t o t a l  

of 10 minutes on 6 February 1985. 

f i t  t o  the  da ta .  

The s o l i d  l i n e  is a g a i n  a two-Gaussian 

F igu re  4 (bottom): P l o t  of  N++/O++ i o n i c  abundance r a t i o  d iv ided  by o v e r a l l  

N/O r a t i o  i n  model H I1 r e g i o n s  as a f u n c t i o n  of e f f e c t i v e  tempera ture  of 

e x c i t i n g  star,  as c a l c u l a t e d  by Rubin (1985).  The d i f f e r e n t  c u r v e s  are f o r  

d i f f e r e n t  i n t e r s t e l l a r  O/H r a t i o s  ( labe l led) .  The top  p l o t  shows the  

dependence of N++/O++ + N/O on the O / H  r a t i o  for  s e v e r a l  temperatures. 
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16 Abstract 

Emission lines of [0 1111 at 52 pm and 88 pm and of [N 1111 at 57 pm in the nucleus of the 
galaxy M82 have been observed from the Kuiper Airborne Observatory with the facility's cooled 
grating spectrometer. The [N 1111 line has not been previously detected in any extragalactic 
source. 
sive stars (equivalent to 5 ~ 1 0 ~  08.5 stars), sufficient to power the infrared luminosity of the 
nucleus. We use the 52 to 88 pm line intensity ratio to find an average electron density of 
210 ?75 in the nucleus; this is 10 to 100 times lower than values typically observed in individual 
compact HI1 re ions in our Galaxy. The relative line strengths of the [0 1111 and [N 1111 lines 
imply an N*/O' ratio of  0.45 20.1, significantly lower than is measured by the same method in 
individual HI1 regions at similar galactocentric distances (~400 pc) in our Galaxy. This lower 
N*/O* ratio may be due to a lower N/O ratio, higher stellar temperatures, or both, in M82. 
spectral resolutions of -90 km/s, all three line profiles are similarly asymmetric. 
well fitted by two Gaussian distributions with widths of -150 km/s and central velocities of 
-110 and -295 km/s, bracketing the systemic velocity of the nucleus of -210 km/s. 
tainties, both the N*/O* ratio and the electron density are the same for both Gaussian compo- 
nents; this indicates no major large-scale gradient in either quantity within the nucleus. 

The fluxes in the lines indicate -4.10' M of ionized gas and a large population of mas- 
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